Abstract-A 12-channel linear vertical-cavity surface-emitting laser (VCSEL) array emitting at ∼1540 nm is used as a modulator array for rapid-update ultrashort pulse shaping. Each VCSEL is injection locked with an individual comb line from a 12.5-GHz optical frequency comb. Pulse shaping is achieved by modulating the current to each VCSEL. Two regimes are demonstrated: 1) static pulse shapes, where the dc bias to the array is set to generate some of the canonical pulse shapes and 2) dynamic pulse shapes, where the currents to the array are modulated at frequencies up to 3.125 GHz, and the resultant pulse shapes change on a sub-ns timescale.
I. INTRODUCTION
R APID-UPDATE pulse shaping of ultrashort optical pulses has numerous uses, from studies of ultrafast chemical reactions to laser radar & communications [1] . Rapid updating of pulse shapes requires modulator arrays with GHz modulation bandwidths, and electro-absorption and electrooptic modulator arrays have previously been demonstrated [2] , [3] . Injection-locked vertical-cavity surface-emitting laser (VCSEL) arrays are attractive as modulators because 1) VCSELs with tens of GHz of bandwidth have been demonstrated, and 2) They can be scaled easily to large channel counts, especially as 2D arrays [4] . In this letter, we demonstrate the line-by-line pulse shaping of an input 12.5 GHz optical frequency comb using an injection-locked VCSEL array. In the static pulse shaping regime, some well-known pulse shapes are generated and fully characterized. Next, the pulse shapes are updated within less than 1 ns, by modulating four comb lines at frequencies of up to 3.125 GHz. This work is a significant improvement over our previous results [5] , with increased channel count and stability of waveforms. These improvements are achieved by using a 1D VCSEL array coupled to a wavelength demux in free-space. Improved pulse characterization data is also presented: specifically, the spectral phase of static pulses. This letter shows additional waveform data compared to our previous report [6] , and adds critical details and discussion that provide the reader a more complete understanding of the advances and limitations of our work.
II. EXPERIMENTAL SETUP Adjacent comb lines in the input optical frequency comb are spatially demultiplexed to be incident on adjacent VCSELs, as shown in Fig. 1 . By tuning the static bias currents, the emission frequencies of the free-running VCSEL array are matched to the input optical comb. When the VCSEL's freerunning frequency is close to the frequency of the incident comb line (within the locking range), the VSCEL locks to the injected optical frequency, and its emission becomes phase-locked. Small current modulation of each injectionlocked VCSEL modulates its optical phase and amplitude. The modulated light from each VCSEL retraces its path through the demux (VCSELs act as reflective modulators) and is multiplexed on to a single beam to form a shaped pulse. By optical injection-locking a VCSEL array to an optical frequency comb, the array becomes phase coherent. Each VCSEL also serves as an amplifier, because very low power per comb line is injected into a VCSEL. In this work, the VCSEL's emission is ∼26 dB greater than the injected power.
The VCSEL array is a 1 × 12 linear array from RayCan Ltd, with emission centered on 1540 nm. Each VCSEL's emission is linearly polarized and in a single spatial mode. The VCSEL array is wirebonded to an interconnect Printed Circuit Board (PCB). The array has an output power per VCSEL ∼1 mW and an intrinsic optical frequency variation of ∼17 GHz per channel across the VCSEL array, at I = 6 mA to each channel and at room temperature. By tuning the DC bias to each VCSEL, their emission frequencies are tuned to have a variation of 12.5GHz per channel, to match that of the input optical frequency comb. The DC bias to the VCSEL array is provided by a precision digital-to-analog converter current source array. The 3dB modulation bandwidth of each channel of the resultant setup is ∼2.3 GHz.
The wavelength demux is implemented using a diffraction grating and lens, the well-known setup for shaping ultrashort laser pulses [7] . The demux separates every 12. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. combline coming from the demux. Care was taken to maintain beam stability and minimize insertion loss. Due to the common optical path for the different comb lines, the relative phase of the channels is stable. Demux technologies such arrayed waveguide gratings, will greatly reduce the setup size. An optical frequency comb is generated at fr_1 = 12.5 GHz, by modulating a CW laser with a combination of phase and amplitude modulators [8] . The spectral power and phase of the comb lines are flattened using a commercially available programmable optical filter (Finisar Waveshaper), before being injected into the VCSEL array. The spectral phase of the comb source is measured by filtering out adjacent pairs of its comb lines using the Waveshaper, and measuring the phase of the RF beat note [7] . The flat power spectrum and spectral phase of the injected comb make it convenient to demonstrate various pulse shapes, but is not required. A second optical frequency comb is similarly generated, but with repetition rate of fr_2 = 12.501 GHz and with an offset in the CW laser frequency, f_offset = 0.2 GHz. The second comb's spectral phase and amplitude are also similarly flattened. It serves as a reference for measuring the spectral phase imparted by the VCSEL array, via interferometry [9] .
III. EXPERIMENTAL RESULTS
Since the VCSEL array is injection-locked to the input comblines, the noise added to the comblines is examined. Fig. 2 shows the measured optical spectra of a VCSEL before and after injection, along with the injected combline. The free-running VCSEL's linewidth is much broader than the combline's linewidth, which are both limited by the measurement resolution bandwidth of ∼15 MHz. Upon injectionlocking, the VCSEL's linewidth shrinks to match that of the injected combline, indicating a significant reduction in its noise. We are not limited by the broad linewidth of freerunning VCSELs. In general, the noise of the slave laser follows that of the injected laser [10] . Conversely, the noise added to the combline by the VCSEL upon injection-locking is small. High-dynamic-range measurements are needed to measure the small amounts of added noise, which is beyond the scope of this work.
First, static optical pulse shapes are generated by setting the DC currents to the VCSEL array. While the primary motivation for using VCSELs for pulse shaping is their GHz modulation bandwidth, the measurement of static pulse shapes is important for two reasons. First, it shows clearly that a VCSEL array can be injection-locked using an optical frequency comb to produce ultrashort pulse shapes. Second, it demonstrates good control of pulse shapes achieved by changing the bias currents to the VCSELs.
The experimental setup, for measuring the static pulse shapes produced using the VCSEL array modulator, is shown in Fig. 3 . The spectral phase of static pulse shapes are measured using the Multi-Heterodyne Interference (MHI) technique [9] . Since the second reference comb has flattened spectral power and phase, the photodetected RF pulses have the same shape as the measured optical pulses, which greatly simplifies the signal processing required to extract the spectral phase and amplitude imparted by the VCSEL array. The time axis of the optical signal being measured (in ps) is a scaled version of the RF signal (in μs). In particular, the RF phase equals the optical phase of the pulse, to within constant and linear spectral phase unknown terms. The rapid acquisition time enabled by the MHI technique (20 μs here) makes accurate spectral phase measurements possible in the presence of slower phase drift due to the fiber-pigtailed components.
We generate three of the canonical pulse shapes in our experiment: transform-limited sinc(x) pulses (flat spectral phase) in Fig. 4 , pulses with cubic spectral phase in Fig. 5 , and a two-pulse sequence formed by alternating the phase on every adjacent channel, in Fig. 6 . Fig. 7 shows pulse shaping of one group of pulses in the pulse doublet shown in Fig. 6 . The four different pulse shapes demonstrate 1) the stability and control achieved to reach a specified phase value (within the phase range allowed by injection locking), and 2) the maximum range of the phase modulation achievable in practice. In each figure, (a) shows the measured RF waveform and the calculated optical pulse shape. The optical pulse shape is calculated using the experimentally measured spectral magnitude of the optical comblines and the RF spectral phase. (b) shows the measured spectral power. The inherent power variation across the VCSEL array explains the power variation of the comblines seen. (c) shows the measured spectral phase per channel. The static current to each VCSEL is varied to change the spectral phase. Mainly phase-only modulation is achieved . Pulse shaping of one group of pulses in the pulse doublet -the interleaved pulses are broadened by imposing a quadratic spectral phase on one group of channels (group B). The other group of channels (group A) has the same spectral phase as in Fig. 6(c) , hence the main pulse has the same width.
for slowly varying VCSEL currents. The three different pulse shapes demonstrate 1) the stability and precision achieved to reach a specified phase value, and 2) the maximum range of the phase modulation achievable in practice. The optical phase change per channel is theoretically limited, by the injectionlocking process, to the range: −0.5π ≤ φ ≤ cot −1 (α), where α is the linewidth-enhancement factor of the VCSEL. The experimentally observed range of phase values is limited to about 0.6 π rad (peak-to-peak). This is consistent with the Experimental setup for generation and measurement of pulses with GHz update rates. The photodiode is u2t Photonics XPDV3120R, with 70 GHz bandwidth. It is connected directly to the scope without an amplifier. The OBPF is used to select only the four VCSEL channels that are modulated. In this case, the OBPF is implemented by placing a slit in front of the VCSEL array, which transmits only the selected four channels. OBPF: Optical Bandpass Filter; PS: Phase Shifter. measured depth of Phase Modulation (PM) described in [11] . The achievable phase range limits the complexity of the pulse shapes that can be generated. Note that channel 12 was not functioning on the VCSEL array.
Next, four channels are modulated at GHz frequencies, and the intensity profile of the pulses is measured. Here we measure only the intensity profile of the rapidly updated pulses using a fast photodetector and oscilloscope. The experimental setup is shown in Fig. 8 . The RF bandwidth of the sampling oscilloscope (50 GHz) limits the number of optical spectral channels to 4, given a comb spacing of 12.5GHz. For this bandwidth, the pulse intensity in time can be completely measured. Fig. 9 (a) shows the optical spectrum of the unmodulated VCSEL channels. Fig. 9 (b) and (c) show the corresponding intensity profile of the pulses, an optical pulse train with a 80 ps period. The flat envelope of the pulse train measured on the sampling scope attests to the stability of the experimental setup, in particular the stability of the relative phase of the channels.
Each of the 4 VCSELs is modulated with a sinusoidal RF source at GHz frequencies. The applied RF powers are −5 dBm to each VCSEL, which is much smaller than typical electro-optic modulators. Since the RF modulation applied is periodic, the rapidly changing pulse shapes are also periodic, which permits the use of a sampling oscilloscope. The frequencies are chosen to be integer multiples of 781.25 MHz (=12.5G H z/16), which results in the envelope of the pulses having a period of 1.28ns, shown in Fig. 9 . (e). The pulses within the envelope change their shape rapidly. For example, the pulse shape changes from a pulse doublet type to a transform-limited type within 0.32 ns in Fig. 9 (f) . Next, the applied RF waveform is changed: the phase values of the RF modulation frequencies were varied using uncalibrated phase shifters (experimental limitation) till qualitatively different waveforms were observed. Fig. 9 (g)-(h), and (i)-(j) show two different shapes of the pulse envelope and the underlying pulses, for two different sets of RF phases applied. Together, Fig. 9 (e)-(j) show conclusively that GHz-bandwidth RF signals applied to injection-locked VCSEL arrays rapidly update the resultant optical pulse shapes, on timescales less than 1ns. Fig. 9 (d) shows the modulated optical spectrum, showing the modulation sidebands per channel corresponding to its frequency. We also see modulation sidebands from other channels. On channels 8 and 5, they are at least 10 dB lower than the main sidebands, but there is likely more crosstalk on channels 7 and 6. The electrical crosstalk is attributed to the long wirebonds on the interconnect PCB; it can be reduced by better packaging. The filtering effect due to the passband width of each demux channel is clear: they have similar envelopes. The passband width is experimentally measured to be ∼3.5 GHz at FWHM. Modulation frequencies greater than 1.75 GHz lie outside the passband FWHM, and they are significantly attenuated. Both the passband width and VCSEL modulation bandwidth (∼2.3 GHz) limit the update rate of the waveforms in this experiment. Using a demux with a wider channel bandwidth [12] and VCSELs with larger modulation bandwidth will shorten the pulse update time. For larger RF modulation powers, the injection locking was not stable. Hence the VCSELs are being modulated over the full stable locking range, corresponding to the maximum achievable depth of phase modulation in the electronic modulation regime. There is significant accompanying amplitude modulation per channel at these frequencies [11] . The finite depth of phase and amplitude modulation available due to the injection-locking process, and the coupling between the two, limit the complexity of the waveforms that can be produced using a single VCSEL array. Optical sampling [13] or spectrally sliced, coherent detection [12] can be used to fully characterize the phase and amplitude of the generated periodic pulses.
IV. CONCLUSIONS Pulse shaping using an array of injection-locked VCSELs has been conclusively demonstrated. In the static current regime, the VCSEL array acts mainly as a phase-only modulator, and various well-known pulse shapes are generated and fully characterized. With GHz modulation frequencies applied to four VCSELs, we measured the intensity of the shaped pulses in time, and showed that the optical pulse shape is updated within 1 ns. We have shown the features of VCSEL arrays that make them attractive for pulse shaping: 1) MultiGHz modulation bandwidth per channel; 2) Scalable to large channel counts, especially as 2D arrays; 3)Low electrical drive power & optical gain of weak input signals due to injectionlocking. Together, they present a viable modulator concept for rapid-update pulse-shaping in the sub-nanosecond regime.
